Protein synthesis is down-regulated during metabolic depression in a number of systems where the metabolic depression is effected by obvious extrinsic cues. The metabolic depression of the estivating land snail Helix apersa occurs in the absence of any obvious physiological stress and has an intrinsic component independent of temperature, pH, oxygen status or osmolality. We show here that this metabolic depression is accompanied by a down-regulation of protein synthesis in vivo. The rate of protein synthesis decreases in two major tissues during estivation to 23% of the awake rate in hepatopancreas and 53% in foot muscle. We show from calculations of the theoretical contribution of protein synthesis to total oxygen consumption that the depression of protein synthesis must be a significant, obligate, in vivo component of metabolic depression in H. aspersa.
Introduction
Many organisms enter a state of quiescence and survive for extended periods on stored fuels in the face of adverse environmental conditions. Associated with this quiescence is a depression of basal metabolic rate by 60-100% (11) . Such a significant change in metabolic rate for an extended period necessitates a coordinated reduction and re-balancing in ATP production and utilisation. Protein synthesis is a major contributor to cell energy expenditure in a variety of organisms, tissues and cell types and typically accounts for between 18-26% of the total ATP turnover (13) .
Protein synthesis, if maintained at a similar rate during metabolic depression, would become an impossibly costly process in terms of its contribution to total energy consumption. We would therefore expect that this major energy consuming process is substantially down-regulated during metabolic depression. Accordingly, protein synthesis has been shown to be considerably reduced in types of metabolic depression that involve a physiological stress, such as dessication, hypoxia or hypothermia. For example, during cryptobiosis where there is removal or restructuring of cell water and all metabolic activity appears to cease (11) , protein synthesis cannot be measured, but re-activation of translation upon rehydration has been observed in anhydrobiotic Artemia gastrulae (27) . Similarly, protein synthesis is down-regulated during metabolic depression caused by lowered (but non-freezing) temperature. For example hibernating bats have an undetectable level of protein synthesis in pectoral muscle and liver in vivo (32) , and hibernating ground squirrels have a lowered rate of incorporation of protein into liver microsomes (30) . In metabolic depression associated with severe hypoxia or anoxia there is likewise evidence that protein synthesis is decreased. This has been demonstrated in cell-free lysates and mitochondria from Artemia, in turtle hepatocytes, turtle heart and in various tissues of carp (2, 16, 19, 20, 24) . Intrinsic metabolic depression is another category of metabolic depression where a reduced metabolic rate occurs in anticipation of a physiological stress or as part of a developmental cue. Therefore the metabolic depression occurs without an obvious physiological stress (11) , and in the case of some diapausing animals even when conditions for development seem optimal (23) . Examples of intrinsic metabolic depression include estivating pulmonate snails and frogs and also some diapausing animals (11) . In two studies that addressed the question of metabolic depression and protein synthesis during diapause (aerobic diapause by Artemia and aerobic diapause by killifish embryos), metabolic depression was associated with a large (90%) decrease in the rate of protein synthesis (6, 23) .
The only study of protein synthesis in a non-diapausing estivator, a desert frog, showed a 67% reduction in the rate of protein synthesis by liver slices (8) . Metabolic depression in which the intrinsic factors play a significant role is of fundamental interest to researchers examining the regulation of metabolic depression. Organisms which demonstrate this type of metabolic depression, like snails, can potentially tell us more about regulatory principles involved in normal cell metabolism than can an organism in which most of the depression is a result of a massive decrease in body temperature, like a mammalian hibernator or an organism which is anhydrobiotic and lacks functional cell water (11) H. aspersa is an excellent model in which to study intrinsic metabolic depression.
The land snail Helix aspersa, when deprived of food and water, readily enters a state of estivation. This is characterised by withdrawal into the shell, construction of one or more epiphragms covering the shell aperture and a decrease in standard metabolic rate. Within four weeks after the removal of food and water from Helix aspersa there is an 84% metabolic depression from the normal standard (awake) state as measured by in vivo oxygen consumption (22) . Metabolic depression in H. aspersa is induced without any change in ambient temperature, any significant water loss, and minimal changes in haemolymph pO 2 (3), i.e. H. aspersa initiates the behavioural, then physiological parts of estivation before the manifestation of any physiological stress.
The most major and immediate threat is water loss but even after 1-3 months of estivation there is no significant increase in the osmolality of haemolymph (22) . In this study we have measured the in vivo extent of down-regulation in the rate of protein synthesis in two major tissues, hepatopancreas and foot muscle from H. aspersa during estivation. 
Methods

Chemicals
Animal Collection and Maintenance
Helix aspersa were collected from the grounds of the University of Western Australia and surrounding suburban gardens. Snails were kept in glass aquaria which were kept constantly moist and between 22 and 25°C. They were maintained on an artificial diet (28) for at least two weeks before being placed into estivation. Snails were induced to enter estivation by placing them in separate containers without food or water and were kept undisturbed in the dark. Snails used in the experiments had all been estivating for at least two months. Control snails (non-estivating) were obtained by arousing estivating snails by placing them in moist aquaria. Control snails were kept in this environment without food for 48 hours and were seen to be active before being used in experiments.
Measurement of Rates of Protein Synthesis In Vivo
The rate of protein synthesis was measured using a modified version of the method described in (9) . 1 µl of 120 mM, 100 µCi.ml -1 L-[2,6 -3 H] phenylalanine was injected per 400 mg of shell-free weight. Shell-free weight was estimated by using data obtained in a previous pilot study. It was found that the shell free weight of awake snails (total weight of 4-6g) was 83.7 ± 0.7 % (n=34) and the shell free weight of estivating snails (total weight of 4-6g) was 75.7 ± 0.8% (n=6). The apparent difference in shell free weight between awake and estivating snails could at least be partly explained by the fact that epiphragm material associated with the estivating snails was classed as shell material. The error in estimating shell free weight could result in a 4.8% error in the flooding dose for awake snails and a 2.6% error in the dose for estivating snails. The injectate was introduced into the snails between the shell and mantle edge, through a 1mm hole carefully punctured through their shells just above the mantle using a dissecting needle. Any of the estivating snails which showed any signs of arousing from estivation at any stage during the experiment were discarded. The metabolic rate of a group of estivating snails was determined before and after an injection by measuring oxygen consumption. Oxygen consumption was measured using a Servomex paramagnetic O 2 analyzer at an air flow rate of 30 ml.min -1 , controlled by a Sierra mass-flow controller. Oxygen consumption was measured for 2 hours prior to the injection and snails were then removed from the chamber and injected (see above) and oxygen consumption was measured for a further 2 hours. VO 2 (ml.g -1 .h. counted to determine the amount of radio-labelled phenylalanine in the free pool.
To ensure free phenylalanine was not being trapped in the protein pellet, hepatopancreas and foot muscle from control snails were homogenised as above. To determine the percentage recovery of protein after perchloric acid precipitation, 14 C methylated proteins were added to control hepatopancreas homogenate and the samples were treated as above. The amounts of radioactivity in each of the supernatants and the final protein pellet were determined as above and 99.29 % ± 1.94
(n=5) of the radioactivity originally added to homogenate was found to be in the final protein pellet.
Spectrophotofluorometric Determination of Phenylalanine
Phenylalanine concentration in the free pool (S 1 samples) was measured using an assay modified from the Sigma Diagnostics [Procedure No. 60-F] kit for phenylalanine fluorometric determination in serum and plasma. Non-specific fluorescence was controlled for by using a peptide control, i.e. omitting L-leucyl-Lalanine as described in (1). Phenylalanine recovery in the assay was determined using phenylalanine spiked samples. The recovery for phenylalanine in foot muscle extracts was 97 ± 3.4% (mean ± SE) (n=4), but phenylalanine recovery from hepatopancreas extracts varied between individuals due to the presence of compounds which quenched the fluorescence. Therefore to assay the concentration of phenylalanine in hepatopancreas, test samples, spiked test samples, peptide control and spiked peptide control samples were assayed simultaneously for each sample.
HPLC of acid extracts
Breakdown products of phenylalanine (principally tyrosine) can confound the measurement of protein synthesis using labelled phenylalanine (9) . Therefore it was necessary to check if any of the label was appearing in other compounds. To this end snails were injected with 120 mM, 100 µCi.ml -1 L-[2,6-3 H] phenylalanine as before.
Protein-free supernatants were prepared from both awake and estivating hepatopancreas and foot muscle 8 hours after the injection as described above.
The extracts were neutralised and concentrated 5-fold in a speed-vac concentrator (Savant SCV 100H). HPLC was performed on the samples using a 250 mm x 4.6 mm C18 macrosphere column. The samples were chromatographed using a linear acetonitrile concentration gradient from 0% acetonitrile, 0.06% TFA to 80% acetonitrile, 0.06% TFA over 30 minutes with a flow rate of 0.5 ml.min -1 . The absorbance of the eluant was measured at 270 nm. Elution times of both tyrosine and phenylalanine were determined using samples spiked with cold phenylalanine and tyrosine. 1 ml (2 minute) fractions were collected and the amount of radioactivity that each contained was determined by scintillation counting. In addition, a sample of the injectate solution and an awake hepatopancreas extract spiked with the injectate solution were also chromatographed.
Calculations and Statistics
To determine if specific activity was changing over time, a one-way ANOVA was used to compare the different time points. Rates of protein synthesis (nmoles phe.mg protein -1 .hour -1 ) were calculated (a) using the average specific activity (dpm.nmol phenylalanine -1 ) observed between 60 and 240 mins and (b) using the slope of the linear regression equation describing the dpm incorporated.mg protein -1 at 60, 120
and 240 mins. The rates of protein synthesis were compared between states for each tissue by comparing the slopes of the cumulative incorporation curves using t-tests (33) . All other comparisons are made using unpaired t-tests. Data are given as mean ± standard error (n). Data are quoted as significantly different if p<0.05.
Results
Stability of Radio-labelled Free Phenylalanine
The specific activity of the free phenylalanine in the tissues was determined from the radioactivity in the protein-free supernatant (which was assumed to be phenylalanine) and the concentration of free phenylalanine. Therefore it was necessary to determine whether a significant amount of phenylalanine was being converted to any other compounds, the primary concern being the enzymatic conversion of phenylalanine to tyrosine. During HPLC of protein-free supernatant (spiked with phenylalanine and tyrosine) prepared from H.aspersa hepatopancreas, tyrosine eluted at approximately 17.7 minutes and phenylalanine at approximately 21 minutes ( figure 1A ). In foot muscle, 8 hours post injection, 91% of the radioactivity eluted at the peak corresponding to phenylalanine, (figure 1B). In hepatopancreas, 8 hours post injection, 90% of the radioactivity eluted at the time corresponding to the phenylalanine peak ( figure 1C ). There was no visible peak of radioactivity eluting at the time corresponding to a tyrosine peak in either tissue. Any radioactivity due to tyrosine would have eluted in the fraction collected between 16.25 and 18.75 minutes which represented about 11% of the peak corresponding to phenylalanine. There was about 10% of the radioactivity in earlier fractions from both tissues and from the injectate (figure 1D) in a broad peak which eluted at about 8 minutes. Mixing the radio-labelled phenylalanine solution with protein free supernatant from either awake or estivating hepatopancreas had no effect on the radioactive elution profile.
Therefore the radioactivty eluting in the broad peak at 8 minutes is due to impurities in the radio-labelled phenylalanine stock solution. For both tissues there was no significant difference between awake and estivating samples in the amount of radioactivity in the peak corresponding to the elution time of phenylalanine.
The peaks of radioactivity collected from the HPLC elution which coincide with the phenylalanine elution time, are much broader than the phenylalanine peak observed in the chromatogram. This is probably an artefact due to the collection of fractions from the HPLC, since radioactive fractions collected from HPLC of the radio-labelled phenylalanine solution used for injecting animals yielded the same broad peak.
Time Course of Free Phenylalanine Specific Activity
To calculate the rate of protein synthesis it is necessary to (a) know the specific activity of the free phenylalanine at the start of the measurement period and (b)
assume that it remained constant over the measurement period. The data ( figure 2A and 2B) indicate that the specific activity reaches a maximum by 60 min and that there are no differences in specific activity between 60 and 240 minutes (p<0.05) for either tissue. The average specific activity over this period was 905 ± 140 (n=27) dpm.nmole phenylalanine -1 for awake snail hepatopancreas and 860 ± 70 (n=27) for estivating snail hepatopancreas. The average specific activity over this period was 716 ± 67 (n=27) dpm.nmole phenylalanine -1 for awake snail foot muscle and 870 ± 79 
Free Phenylalanine Concentration
Since the injectate had been delivered at a concentration of 120 mM phenylalanine at a dose of 1 µl.400 mg of shell free weight -1 , the final concentration of phenylalanine would be expected to increase by 0.3 nmol.mg of shell free weight -1 .
Mean phenylalanine concentrations at 240 minutes were 0.36 ± 0.08 (n=9), 0.30 ± 0.01 (n=9) , 0.33 ± 0.05 (n=9) and 0.28 ± 0.04 (n=9) nmol.mg tissue -1 for awake snail hepatopancreas, estivating snail hepatopancreas, awake snail foot muscle and estivating snail foot muscle respectively. Free phenylalanine concentrations in uninjected snails were below the sensitivity of the assay (0.05nmol.mg of tissue -1 ).
Incorporation of Radio-label into Protein
Incorporation of radio-label was linear between 60 and 240 minutes for all of the tissues and states investigated ( Figure 3A and 3B).
The sham injection (water) given to estivating snails at 180 minutes (following the normal injectate administered at 0 minutes) caused an increased rate of phenylalanine incorporation in the hepatopancreas ( figure 3C ). At 240 minutes after the introduction of radio-label, the total dpm incorporated per mg of protein after the sham injection was 2198 ± 326.8 dpm. Comparison of the slopes of the incorporation curves between states for each tissue using a two-tailed t-test (33) indicates that there is a significant difference between the awake and estivating for each tissue (p< 0.05).
Rates of Protein Synthesis
The rates of phenylalanine incorporation were 0.51 ± 0.12, 0.12 ± 0.09, 0.32 ± 0.07 and 0.17 ± 0.03 nmol phenylalanine.mg protein -1 .h -1 for awake snail hepatopancreas, estivating snail hepatopancreas, awake snail foot muscle and estivating snail foot muscle respectively, ( Figure 4A and 4B). In both tissues the rate of protein synthesis decreased during estivation (p<0.05). This represents a decrease in protein synthesis rate to 23% of the awake rate during estivation in hepatopancreas and to 53% of the awake rate in foot muscle.
Discussion
Methods Validation
The study presented here satisfies all the generally accepted criteria which define a valid measurement of protein synthesis. That is, there was rapid flooding of the phenylalanine free pool, there was stabilisation of the free pool 1 specific activity over the measurement period, the free pool specific activity was not different from the specific activity of the injectate and there was linear incorporation of radioactivity into protein over the measurement period.
In addition we have addressed a concern in using labelled phenylalanine, which is that in some systems it has been shown that phenylalanine is readily converted to tyrosine in vivo (9) . One way of overcoming this problem is to enzymatically convert free phenylalanine (and phenylalanine as a product of the hydrolysis of protein) to ß-phenylethylamine and then extract the ß-phenylethylamine and measure its specific activity (25) . In this study, in which all measurements which were complete within 4 hours of adding the injectate, we have shown using HPLC that there is no significant conversion of phenylalanine into tyrosine after a period of eight hours. The final possible concern about the methodology is the assumption that there is no difference and 240 minutes in the hepatopancreas. The extent of the increase is similar to the cumulative incorporation in both awake and estivating snails between 0 and 60 minutes and therefore the experimental manipulation associated with the injection itself is responsible for the initially high rate of incorporation seen in estivating hepatopancreas. The VO 2 data demonstrates that this increase in rate occurs without an increase in measurable oxygen consumption of the whole animal.
Rates of Protein Synthesis
This is the first study to measure down-regulation in the rate of protein synthesis in vivo for an estivating animal. (24) ; an approximate decrease of 70% in ventricular protein synthesis in anoxic turtle heart (2); a 92% decrease in the rate of protein synthesis in anoxic isolated turtle hepatocytes (20) and an approximate decrease of 90% in translation in cell-free lysates derived from quiescent Artemia embryos (16).
We report here that there is no significant difference in the rate of protein synthesis between awake hepatopancreas and foot muscle. In most systems that have been investigated muscle tissue has a much lower rate of protein synthesis than most other tissues, most notably hepatic tissue. For example, the fractional rate of protein synthesis in non-hibernating bats is approximately 7-fold higher in liver than in pectoral muscle (32) . Similarly the normoxic fractional rate of protein synthesis in crucian carp liver was approximately 40-fold higher than in white muscle and 13-fold higher than in red muscle (24) . However the fractional rates of protein synthesis have been measured in a variety of tissues in octopus (ventricle, brain, branchial heart, arm, gill, stomach, renal appendage and mantle) giving a mean value for all the tissues of 3.02 ± 0.17% d -1 (17) . Similarities between octopus and Mytilus edulis (14) in contrast to fish and mammals in terms of efficiency of retention of synthesized proteins points to a unique situation in molluscs. It also may be possible that in molluscs the rate of protein synthesis varies less between tissues. In this study histological data generated from foot muscle, isolated using the same method as used in determining the rate of protein synthesis, reveal that the tissue also contains some integument tissue and mucous secreting glands. Given that these extraneous tissues only constitute about 5-10% of the excised foot muscle, they would need to have a unusually high rate of protein synthesis to account for the relative rates in protein synthesis seen in foot muscle.
The Contribution of Protein Synthesis to Metabolic Rate
Cycloheximide, an inhibitor of protein synthesis is often used to directly measure the contribution of protein synthesis to oxygen consumption. Although this measurement is not possible for individual tissues in an in vivo study, we have estimated the contribution by making a number of assumptions. We have assumed 5 ATP equivalents are required per peptide bond, giving the value of 46 mmol ATP per gram of protein synthesised. We have assumed that the rate of oxygen consumption is the same per gram in all tissues 2 and that the P/O ratio is 3, which is the value used in a number of other studies (13, 17, 18) . The proportion of phenylalanine, compared to other amino acids, in protein from hepatopancreas and foot muscle was taken from data from a related species, Otala lactea, (5) . Using these assumptions we estimate that protein synthesis accounts for 12 ± 3% of oxygen consumption by hepatopancreas in awake snails and 18.4 ± 14% in estivating snails. For the foot muscle, protein synthesis accounts for 9.8 ± 2% of the oxygen consumption of the foot muscle in the awake snail and 31.6 ± 6% in the estivating snail. 
Contribution of the down-regulation of protein synthesis to metabolic depression
Down-regulation in the rate of protein synthesis accounts for 60% of the metabolic depression in hepatopancreas, but only 2.5% of the metabolic depression of the whole animal given that the hepatopancreas makes up about 4.1 ± 1.1% (n=18) of the wet shell-free weight of the animal. The depression of protein synthesis in the foot muscle accounts for 28% of the metabolic depression in the foot muscle but only 1.4% of the metabolic depression of the whole animal, given that the foot muscle represents 5.2 ± 1.3% (n=18) of the wet shell-free weight of the animal.
The rate of protein synthesis that we report here accounts for a significant proportion of the metabolic rate of the tissues in which it is measured. As a result the change in the rate of protein synthesis which occurs between the awake and estivating state accounts for a significant proportion of the metabolic depression of the tissue involved. In other metabolically depressed systems the down-regulation of protein synthesis makes a similar contribution to the total metabolic depression. The change in the rate of protein synthesis in isolated liver from the estivating frog Neobatrachus centralis accounted for 52% of the metabolic depression in the tissue and 4% of the metabolic depression of the whole frog (8) . In anoxic hepatocytes from turtle the decrease in the rate of protein synthesis accounted for 38% (20) of the metabolic depression and in diapausing killifish embryos the decrease in the rate of protein synthesis accounted for 36% of the metabolic depression (23).
It is reasonable to assume that a similar down-regulation in protein synthesis would be seen throughout the various tissues of the snail. Therefore protein synthesis would be a major contributor to metabolic depression, and without depression of protein synthesis the metabolic depression would be limited, and a large percentage of the estivating metabolic rate would be dedicated to support protein synthesis. From our estimates, if the rate of protein synthesis was not down-regulated, during metabolic depression it would account for 78% of the VO 2 in hepatopancreas and 60% of the VO 2 in foot muscle.
Conclusions
We have reported for two tissues, hepatopancreas and foot muscle, that protein synthesis is down-regulated during estivation. This down-regulation is quantitatively an essential component of metabolic depression in the estivating snail, a theme that is becoming accepted dogma in the field of metabolic depression, but the characterisation of this phenomenon in an estivator has wider implications. During estivation there is a metabolic depression which occurs without any significant physiological stress, it occurs without changes in water, solute or oxygen status (11), and down-regulation is likely to be coordinated by an intrinsic cue. Previous in vitro studies of H.aspersa have shown a stable intrinsic component to metabolic depression which can be isolated from the changes in pH and PO 2 seen in vivo (10, 22) . It is the mechanism by which this intrinsic component is regulated which is of interest. By identifying an energy consuming process like protein synthesis, which is downregulated during metabolic depression it may be possible to delineate the pathway by which the process is regulated and therefore find the intrinsic cue which leads to metabolic depression. There is accumulating evidence that regulation of protein synthesis during metabolic depression occurs at the translational level, reviewed in (12) . Further studies on protein synthesis during metabolic depression will need to focus on regulatory mechanisms perhaps investigating changes in the specific activity of the components of the translational machinery. 
